INTRODUCTION
Recent analyses of DNA sequences from the chromosomes of Bacillus subtilis and Escherichia coli have revealed remarkable similarities and intriguing differences in the organization of various dna genes and in the origins of replication in these organisms (Seiki et al., 1981; Ogasawara et al., 1983; Wang et al., 1985; Moriya et al., 1985; Ogasawara et al., 1986) . Therefore, a comparative study of DNA replication in the two organisms should facilitate investigation of the regulatory mechanisms of chromosomal replication which are, at present, poorly understood.
Various plasmid systems have been used to investigate the regulatory mechanisms of DNA replication (Scott, 1984) , and low-copy-number plasmids have been considered to be particularly useful as model systems since the mode of replication of these plasmids resembles chromosomal replication (Nordstrom et al., 1984) . In E. coli, the replication of several low-copynumber plasmids has been well characterized and studied, and the results show these plasmids to be excellent model systems (Nordstrom et al., 1984) . However, in the case of B. subtilis, there have, as yet, been no suitable plasmids available, because all plasmids isolated thus far from B. subtilis are cryptic. The lack of a suitable plasmid has hampered the study of DNA replication in B. subtilis, in spite of the fact that there are several mutants of B. subtilis which are defective in DNA replication.
We have constructed a shuttle plasmid, pKW 1, which has a low copy number in B. subtilis and can replicate both in B. subtilis and in E. coli. Using pK W 1, we have examined the requirements for host function for plasmid replication and have compared them to the results obtained with two other plasmids, namely pC194 (medium copy number) and pTP5 (high copy number).
METHODS
Bacterial strains and plasmids. Isogenic strains of B. subtilis, with temperature-sensitive mutations in genes for D N A replication (Karamata & Gross, 1970) Phpical ntupping and recombinant DNA. Plasmid DNAs were prepared by the standard method (Lovett 8~ Keggins, 1979) . The physical map of pBS-2 was constructed as described by Maniatis et al. (1982) . The plasmid DNA was completely, doubly and partially digested with restriction enzymes, and the resultant DNA fragments were analysed by agarose gel electrophoresis. Construction of pK W 1 is described below.
Tran~jimnation. Plasmids were introduced into the series of temperature-sensitive mutants by the method described by Wilson & Bott (1968) . Transformants were screened at 32 "C on plates of L-agar containing appropriate antibiotics.
As.su!',tor plusmid replicarion. Cultures, grown overnight, were inoculated into Spizizen minimal salts medium with one-eighth concentration of phosphate buffer plus 0-5:; glucose, 0.05 % hydrolysed casein, 0.067; yeast extract and 50 pg tryptophan ml-l (medium I). H332P0, [4OpCi ml-I; sp. act. 285 Ci mg-I (10.5 TBq mg-I); ICN] and appropriate antibiotics were added to the medium and the cultures were incubated at 32 "C until the OD,oo reached 0.1. Cells were harvested, washed twice with medium I and suspended in the original volume of fresh medium 1. The cultures were divided into two portions and pre-incubated at 32 "C or 46 "C for 20 min. Then a mixture of [3H]thymidine [ 10 VCi mi-' ; sp. act. 72 mCi mmol-* (370 MBq mmol-I); ICN] and deoxyadenosine (final concentration 250 pg mi-') was added to each portion. The cultures were incubated at 32 "C or at 46 ' T , as appropriate, in an incubator shaker for 3 h. Cleared lysates were prepared from 1 ml culture as described by Maniatis et al. (1982) . Each lysate was treated with 1 M-NaCI, left on ice for 2 h and centrifuged in Eppendorf tubes to precipitate the bulk of host chromosomal DNA. The DNA in the supernatants was precipitated with ethanol and subjected to electrophoresis on a I 0,; (wiv) agarose gel. The plasmid bands were visualized by staining with ethidium bromide. Gel slices containing closed circular and open circular plasmid DNA were cut out of the gel. melted. and their radioactivity measured in a liquid scintillation counter.
RESULTS A N D DISCUSSION
Thus far, all plasmids isolated from B. subtilis have proved to be cryptic, and hence cannot be used for transformation experiments. One of these plasmids, pBS-2, isolated by Bernhard et al. (1978) , is about 8 kb in size and has a low copy number (2-5). To identify the region that is essential for replication of pBS-2, we constructed a physical map of the plasmid, and then cloned the essential region. Fig. 1 shows the map of pBS-2 and the construction of pKW 1. pHV60 is a deletion mutant of a recombinant plasmid derived from a chimaeric plasmid constructed between pBR322 and pC194 (Niaudet & Ehrlich, 1979) . Because the origin of replication of pC194 is missing, pHV60 can replicate in E. coli but not in B. subtilis. Chloramphenicol resistance, derived from pC194, can still be expressed in both E. coli and B. subrilis. This vector is suitable for cloning the origins of replication of plasmids isolated from B. subtilis. In fact, Niaudet & Ehrlich (1979) sucessfully cloned the origin of replication of pHV400 into pHV60. We used this system and cloned the origin of replication of pBS-2 by the 'shotgun' method, using HindIII restriction fragments of pBS-2. After ligation of these fragments into pHV60 and transformation of B. subtilis, chloramphenicol-resistant colonies were selected. When the plasmid DNA from the transformants was examined, all the clones contained a hybrid plasmid with the Hind111 A fragment (see Fig. 1 ) from pBS-2. One plasmid was designated pKW 1 and was shown to have a low copy number (2) (3) (4) (5) similar to that of the original pBS-2 (data not shown). Similar experiments using Psi1 in place of HindIII did not yield transformants. Therefore, we concluded that the HindIII A fragment from pBS-2 contained the information for replication, and that either the PstI site was located within a region essential for replication or that digestion by PstI split two regions which were both essential for replication.
Although our main objective is to use pKW 1 to investigate DNA replication in B . subtilis, the piasmid may be also useful as a shuttle vector for molecular cloning, especially when high gene dosage is a problem, as has often been encountered (Gryczan vt al., 1978) . The low number of copies of pK W 1 in B. subtilis would substantially eliminate this problem, while a high yield of the plasmid can be achieved in E. coli. pKW1 also has unique sites for EcoRI and BcrrnHI.
To examine the requirements for host replication factors, pKW 1 was introduced into a series of dna mutants, dnaB through dnul, in B. subtilis. The transformants were first grown at the permissive temperature in the presence of 32P; the cells were washed and then cultured at the non-permissive temperature in the presence of [ 3H]thymidine. Plasmid DNA was extracted from each culture and analysed by electrophoresis on an agarose gel (Fig. 2) . To judge the requirements for host factors, we used two criteria: the ratio of incorporation of [3H]thymidine into plasmid DNA at 46 "C compared to that at 32 "C, and the ratio of incorporation of 3H to that of 32P at 46 "C. The table in Fig. 2 shows these ratios for each mutant host. From these results, we concluded that the genes dnaB, C, E, F, G and Hare required for the replication of pKW1. Only dnaD and dnal functions are not absolutely required.
To compare the results obtained with pKW 1 with those for other plasmids, we examined the host dependency of two other plasmids. pC194 was originally isolated from Staphylococcus aureus; it has medium copy number (-15) (lordanescu, 1975) , and possesses a unique feature with respect to host range in that it can replicate in S. aureus, B. subtilis and E. cofi, and even in the yeast Saccharomyces cereuisiae (Goursot et al., 1982) . pTP5 was also isolated from S . aureus and is very similar to pT181, for which the control of replication has been well studied (Kumar & Novick, 1985) . An interesting feature of pTP5 is that the plasmid copy number can be amplified up to 200-fold by addition of tetracycline to the culture medium (Kono etal., 1978) . The plasmids were introduced into our series of temperature-sensitive mutants of B. subtilis by transformation and the dependency of these plasmids on the function of host replication genes was examined by the same method as described for pKW 1. Table 1 shows the ratios of incorporation of label during DNA synthesis by these plasmids. These results suggest that pC194 requires the functions of only dnaG and dnaH for its replication and that the replication of pTP5 is strongly dependent on the functions of dnaE, G and Hand partially dependent on the function of dnaF. Thus, dnaG and dnaH are required for the replication of all three plasmids, even though each plasmid shows a different spectrum of dependency on other host functions.
Ogasawara et al. (1986) cloned the dnaG gene of B. subtilis and determined its nucleotide sequence. It was found to have significant homology to the dnaN gene from E. coli, which is the structural gene for a subunit of the DNA polymerase I11 holoenzyme. It should be noted that pC 194 requires only dnaG and dnuH gene functions and can replicate in a variety of prokaryotes and in a eukaryote. If pC194 uses similar machinery for replication in both prokaryotic and eukaryotic cells, then the functions of dnaG and dnaHmay be considered to have been conserved during evolution.
Among the dna genes, dnuB is the best characterized, and it is known to be involved strictly in initiation (Imada et al., 1980) , a key stage in the regulation of DNA replication (Kornberg, 1982) . Ogasawara et al. Hoshino et al. (1987) have cloned the dnaB gene of B. subtilis and determined the DNA sequence. Computer analysis of the data revealed that no homologous genes have been found thus far in E. coli. The dnaA gene in E. coli is the only gene which is strictly required for chromosome initiation in this species (Kornberg, 1982) and a counterpart of the dnaA gene has already been identified in B. subtilis (Moriya et al., 1985) . Therefore, B. subtilis appears to have at least two initiation genes. The dnaB gene is also known to be involved in the formation of a complex between the cell membrane and the origin of the chromosome (Winston & Sueoka, 1980) . Our data indicate that pKWl requires the dnaB function for replication. Recently, we have also found that pKWl binds to cells membranes during replication and that this binding requires the dnaB function (unpublished data).
Because of its greater dependency on host functions and its low copy number, pKW 1 offers a good model with which to investigate these host functions.
